Raman spectroscopy, thermo-gravimetry and NMR together with EEM-Monte Carlo calculations are used to elucidate the properties of water in Metavariscite, AlPO 4 -H3, AlPO 4 -8 and VPI-5. The framework density of the aluminophosphates decreases along this sequence, the pore size increases, and the water is less confined. The Raman vibrations of water in different aluminum phosphates reflects the polarization by Al and the number, and the type of hydrogen bonds in which they participate. Metavariscite and AlPO 4 -H3 have welldefined symmetric ν OH doublets in the region between 3000 and 3450 cm -1 , corresponding to structural water molecules. AlPO 4 -H3 has additional free water with ν OH at 3505 and 3563 cm -1
Introduction
The structure of water in different states, e.g., bulk water, water clusters, aqueous solutions of ions or organic molecules, and adsorbed water, has been a major research topic for years. 1 It is also a prime example of the fruitful combination of experimental and theoretical methods. Spectroscopic methods, such as IR, 2 Raman, 3 or NMR 4 spectroscopy can provide useful information about the local environment of water molecules. X-ray 5 or neutron 6 diffraction give information about the longrange arrangement of the water molecules. However, as a result of the poor long-range order of the above-mentioned systems, the derivation of structural models from the experimental data is not as straightforward as, e.g., in crystalline systems. Theoretical methods can be helpful here in two respects. Ab initio or semiquantitative calculations on water molecules in different environments assist in the interpretation of spectroscopic data. 7, 8 Molecular modeling tools such as Molecular Dynamics or Monte Carlo simulation can generate reasonable models for the behavior of aqueous systems. 9, 10 In the present paper we focus on the interaction of water with crystalline aluminophosphates. 11, 12 Unlike in zeolites, 13, 14, 15 water plays a crucial role within the crystalline lattice of aluminophosphates 16 since most of these structures are, in fact, AlPO 4 hydrates in which at least part of the aluminum occurs in octahedral AlO 4 (OH 2 ) 2 coordination. In this case, two water molecules are bound to a framework aluminum in addition to four framework oxygen atoms. As a result, water in aluminophosphates usually exhibits a higher degree of order than in zeolites. This allows a more straightforward assignment of spectroscopic features to structural features.
The AlPO 4 structures under investigation cover a broad range of structural density and differ substantially with respect to the concentration of framework-bound and nonframework-bound water. Whereas Metavariscite 17 is an aluminum dihydrate, AlO 4 -(OH 2 ) 2 with Al-bound water, the AlPO 4 -H3 18 contains alternating AlO 4 tetrahedra and AlO 4 (OH 2 ) 2 octahedra linked by PO 4 tetrahedra. From the 1.5 molecules of crystal water per formula unit in AlPO 4 -H3, 1.0 molecule is present in the form of aluminum dihydrate and 0.5 molecules are loosely held in the micropores. In VPI-5, 19, 20 the Al atoms located between the double four-rings are aluminum dihydrate sites, representing one-third of the total aluminum content. Only two of the seven water molecules in the asymmetric unit of VPI-5 are bound to these sites. The remaining molecules are strongly organized in the 18-ring channels of VPI-5 in the form of a H-bonded triple helix. The AlPO 4 -8 21, 22 aluminum dihydrate occurs in one of the two types of 4.6.14 and 4 2 .14 nodes. No information could be obtained about the structure of the non-Al-bound water in this case, probably due to the high degree of stacking disorder which leads pore blockage and hinders a regular occupation of all water adsorption sites. 23 Metavarisite, AlPO 4 -H3, and VPI-5 can be synthesized by nearly identical procedures. 24, 25 AlPO 4 -H1 exhibits striking similarities with the VPI-5 structure. 26 Metavariscite and H3 are therefore often found as coproducts in VPI-5 synthesis. 27 The AlPO 4 -8 is formed by structural transition of VPI-5, if the latter contains a high density of defects, upon thermal treatment. 28 Raman spectra of the lattice vibrations of aluminum phosphates have previously been reported. 29 The features in the Raman spectra relate to the structural properties of the water molecules. In intermolecular hydrogen bonding (Y‚‚‚HX), perturbations of the H-bonding by a group Y affects the HX stretch vibration. 30, 31, 32, 33 Electron-acceptor neighbors (Z) that bind or ligate X (Y‚‚‚HX‚‚‚Z) such as coordinating ions or proton-donor groups also affect the HX stretch vibration. 1 The tight connection between the structure of water (experimental neutron diffraction O-H distances in liquid water are distributed around a well-defined peak at 1.85 Å at 277 K, consisting of about 1.8 H atoms at a distance of 2.35 Å and O-O distributions have a well defined peak at 2.975 Å consisting of 4.5 oxygen atoms at a distance of 3.3 Å from an oxygen at the origin (Oa)) and the appearance of the water O-H stretching spectra has been manifest from Raman studies on stoichiometric hydrates, chlathrathes and layered materials, 1 liquids, 3, 34, 35 and ice 36 or Infra-Red studies on gas-phase clusters. 4, 37 Here we present for the first time a systematic Raman study of the OH-stretching region in hydrated aluminum phosphates. To obtain more structural information, the Raman measurements were supplemented by other methods sensitive to the water structure such as XRD, DOR/MAS NMR, and DTA/DTG. Further evidence was obtained by a combined EEM-Monte Carlo calculation (EEM: Electronegativity Equalization Method) 38, 39 and the Sensitivity Analysis (SA). 40, 41 In that way, the properties of water molecules in different sites (charge, electronegativity, hardness) were calculated 42, 43, 44 and correlated with the spectroscopic data. 45, 46 Experimental Section Synthesis. All syntheses were done using the following compounds: pseudoboehmite (Vista Chemicals), orthophosphoric acid (ACROS chimica, p.a. 85 wt % solution in water), deionized water, and dipropylamine (ACROS chimica, 99%).
VPI-5 was synthesized by a modified procedure of Davis et al. 47 The synthesis gel had the following molar composition Dipropylamine (DPA) is used as the organic template. Pseudoboehmite was suspended in 25 parts of water and heated to 40°C. The phosphoric acid was also diluted with 25 parts of water. After mixing both solution and suspension, the resulting gel was aged for 2 h. Then DPA was added. The synthesis mixture was autoclaved for 4-24 h at 135°C. After crystallization, the samples were washed with water and dried at room temperature. Then they were treated under vacuum for 12 h at 20°C and for 24 h at 100°C, to avoid the irreversible transformation to AlPO 4 -8.
AlPO 4 -8 was obtained by heating VPI-5 at 150°C for 24 h. AlPO 4 -H3 was synthesized by a method proposed by F. d'Yvoire. 48 In a closed vessel a mixture of diluted phosphoric acid, pseudoboehmite, and water with the molar ratios were refluxed for 48 h. The pH was held constant at 0.9. The precipitate was then washed and dried at 60°C.
Metavariscite was obtained by the same procedure as AlPO 4 -H3 but at drastically higher concentrations. The synthesis gel had the composition:
Characterization Techniques. Solid State NMR. Prior to the measurement, the samples were placed in an NH 4 Cl exsicator at room temperature for 24 h. The 27 Al magic angle spinning (MAS) NMR spectra were recorded on a Bruker MSL 400 spectrometer working at 9.4 T. A recycle delay of 0.1 s was used. Typically 3000 scans were accumulated. For the 27 Al double rotation (DOR) NMR measurements, the pulse length was 3 µs, corresponding to a flip angle of approximately 30°. A recycle delay of 1 s was used. The respective DOR probes used, the outer rotor spinning rate, and the number of scans (NS) for each spectrum are given as follows: VPI-5 (900 Hz Bruker probe, NS ) 216); AlPO 4 -8 (800 Hz Bruker probe, NS ) 2000); AlPO 4 -H3 (700 Hz Chemmagnetics probe, NS ) 1000), Metavariscite (700 Hz Chemmagnetics probe, NS ) 1000). The inner rotor spinning rate was 6 kHz.
X-ray Diffraction (XRD). X-ray diffraction patterns were recorded on a Philips HTK-KC diffractometer with a CuKR X-ray source, linked to a Philips 386 computer.
Scanning Electron Microscopy (SEM). SEM images were obtained with a JEOL Microprobe 733 after gold coating.
Thermogravimetric (TG) and Differential Thermo-Analysis (DTA). Thermogravimetric and differential thermal analyses were recorded on a Setaram TG-DTA 92 thermobalance using, typically, 30 mg of sample and a He flow of 35 mL/min. The temperature was increased at a rate of 5°C/min from 20 to 800°C
. Raman Spectroscopy. The Raman spectra were recorded on a Renishaw Raman Microscope. The zeolite samples, in powder form, were placed on a glass microscope slide. The power on the sample was about 2mW/mm 2 . The collection time varied from sample to sample and was between 15 and 20 min. The spectra were background-corrected and a Fourier deconvolution procedure, described elsewhere, 3 was applied to resolve the overlapping bands in the OH stretching region.
Computational Methods. The Electronegativity Equalization Method (EEM) and a Sensitivity Analysis (SA) based thereon were applied to investigate the effect of the environment on the electronic properties of the water molecules inside the AlPO 4 structures. The EEM is derived from the Density Functional Theory (DFT). [49] [50] [51] [52] [53] [54] [55] [56] It describes the energy of a system in atomic resolution as a function of the atomic charges where the summation runs over all atoms R in all molecules i. The functional dependence of the internal energy of each atom R on its atomic charge is characterized by the three coefficients E * , * , and η * . These have been calibrated for several atom types so as to reproduce ab initio (STO-3G) charges (obtained by a Mulliken population analysis) and energies in a number of model compounds. The interatomic interactions are described by simple Coulomb interaction between the atomic charges. In infinite systems like, e.g., the crystalline aluminophosphates, the latter term has to be extended by a Madelung type summation. 
The DFT states that in a molecule in its ground state the electronegativity, i.e., the derivative of the energy with respect to the electron density at a position r, has to be equal everywhere. Translated into the framework of EEM this means that the atomic electronegativities have to be equal for all atoms in a molecule or any other subsystem i with free internal charge transfer. The electronegativity equation does not take effect, however, between subsystems i and j if no charge transfer is allowed, e.g., between two isolated molecules or between an adsorbent and a purely physisorbed adsorbate:
On the basis of eqs 2 and 3 and taking into account that the sum of all atomic charges has to be constant, each subsystem can be described at the atomic level by the following matrix equation:
The elements of the matrix in eq 4, the so-called hardness kernels representing the second-order coefficients from eq 1, are given by the quantities j and q j are the equalized electronegativity and the total charge of the subsystem, respectively. Equation 5 contains the unknown atomic charges and the equalized electronegativity. It can be solved by inverting the matrix:
The extension to systems containing more than one closed subsystem is straightforward. Equation 6 can be used to calculate charge distribution in the system as well as the electronegativity of the system. The elements of the inverted matrix contain additional information about the electronic properties of the system, the so-called sensitivity parameters. The internal softness kernels S′ R ) (dq R |d )q j describe the internal charge redistribution caused by an external perturbation, the Fukui Indices f R ) (dq R /dq j) describe the local effect of a charge transfer to and from the system and are considered as local reactivity indices for nucleophilic or electrophilic attacks. Finally, the global hardness η j ) (d j/dq j) is the resistance of the system against a charge transfer. The softness kernels form the internal softness matrix. Its eigenvectors are the normal modes of the electron redistribution (polarization) or the "electronic vibration" in analogy with the normal modes of the nuclear vibrations. The reciprocal eigenvalues of the internal softness matrix are called internal principal hardness values. They are formally analogous to the force constants of normal modes in the theory of molecular vibrations. It was shown recently that there exists a close relationship between the vibrational modes and the normal modes of the electron redistribution. 57, 58 Generally, each vibrational normal mode is accompanied by one normal mode of the electron redistribution. The corresponding eigenvalues, i.e., the force constants and the internal principal hardness values are linked semiquantitatively. If an electron-redistribution mode becomes harder, the force constant of the corresponding vibrational normal mode will increase as well, resulting in a blue shift of the corresponding IR band.
As is obvious from eq 1, the EEM calculations require the knowledge of the position of each atom in the system. The calculations were done on the basis of crystallographic data given in the literature for metavariscite, 18 AlPO 4 -H3, 19 and VPI-5. 17 The AlPO 4 -8 was not included into the theoretical investigations since too little is known about the positions of the water molecules inside this structure. While the positions of the lattice atoms are generally well-known, with respect to the water molecules three situations can be encountered: (i) the positions of both the oxygen atom and the hydrogen atom are known from crystallographic studies (water in Metavariscite and water I and II in AlPO 4 -H3, (ii) only the oxygen positions could be determined by diffraction methods (water III in AlPO 4 -H3 and waters I-VI in VPI-5), (iii) the position of the water molecule is uncertain (water VII in VPI-5). In case (ii) the hydrogen atoms were added assuming a standard geometry for water (see Table 2 ); in case (iii) water molecules with standard geometry were placed initially on reasonable sites within the pore of the AlPO 4 structure. The position of these water molecules within the aluminophoshate was optimized subsequently using a combined Monte Carlo/EEM procedure. 50 In case (ii) only rotation around the center of mass was allowed while in case (iii) the molecule could move freely in the channel, including undergoing translation. This procedure followed a classical Metropolis algorithm using the total energy calculated by EEM as the criterion for the acceptance of MC steps. A P1 symmetry was assumed for the hydrogen positions. The simulation was performed at a temperature of 300 K in a canonical (NVT) ensemble until equilibrium was reached. Then, the temperature was reduced to 0 K and maintained at this until equilibrium. In the EEM/MC calculations no charge transfer was allowed between the different water molecules and between water molecules and the AlPO 4 structure. For the resulting structure, the atomic charges, the electronegativity of the water molecules and the aluminophosphate structure, the total energy of the system, and the interaction energies of the water molecules were calculated. The latter are defined as the sum of all electrostatic interactions of water molecules with all other atoms of the system. Furthermore, the above-mentioned sensitivity parameters, the normal modes of polarization of the system, and the corresponding internal principle hardness values were calculated. Thereby, we focused on the symmetrical O-H polarization of the water molecules which corresponds to the symmetrical O-H stretch vibration which was investigated by Raman spectroscopy in the present study.
Results
The synthesized products (Figures 1 and 2 ) are fine needles, associated as 'wheat-sheaves' in the case of VPI-5. 20 
H3, short prisms or thick plates with six to eight sides were obtained. The prisms or plates are stacked in piles. Metavariscite forms fibers of a few millimeters, either isolated or associated in radial structured spheres. The formation of variscite occurs when the solutions are more diluted than in the case of metavariscite. The crystallinity of the as-synthesized samples was confirmed by XRD ( Figure 1) . No amorphous or crystalline impurities (e.g., AlPO 4 -11 in the samples of VPI-5) are present. Thermoanalytical data are shown in Figure 3 . Most water leaves the structure between 20 and 180°C, except for metavariscite that still loses water at higher temperatures. Total amounts of lost water are 20.5, 19, 20, and 15% for metavariscite, AlPO 4 -H3, VPI-5, and AlPO 4 -8, respectively. Only for metavariscite different dehydration steps are clearly discerned: 7% to 115°C, the amount decreasing with increasing crystallization time. The structural water within the metavariscite lattice is lost in two equal steps at 170°C and subsequently at 215°C. From the structural data water with two strong single hydrogen bonds is more strongly withheld than water with two bifurcated hydrogen bonds. This is followed by a gradual weight loss of 3.5% to 800°C with a structure conversion to AlPO 4 tridymite at 500°C. AlPO 4 -H3 shows minor dehydration at 50°C of adsorbed water; the structural water, bound to octahedral Al and bound to the lattice by hydrogen bonding, leaves the structure around 125°C leading to a transition to AlPO 4 -C that at 200°C transforms in AlPO 4 -D. 41 ,57 VPI-5 shows a more gradual dehydration in three steps. Water leaves the 18MR (1.25 nm) channels at 40, 95, and 110°C. Three types of water are removed from the three-water-layer "onionskin", leading to the structural collapses into AlPO 4 -8. The water nearest to the framework is harder to remove than that near the center of the cavity. In AlPO 4 -8 dehydration maxima occur at 40, 80, and 95°C. From VPI-5, more water desorbs than from AlPO 4 -8, the strength of binding is also higher for VPI-5 then for AlPO 4 -8.
Solid State MMR Spectroscopy. The 27 Al MAS NMR spectra of the four samples in Figure 4 show that the ratio of octahedral versus tetrahedral Al follows the sequence: metavariscite 100%, AlPO 4 -H3 50%, VPI-5 (or AlPO 4 -H1) and AlPO 4 -8 33%.
The 27 Al MAS NMR spectrum of metavariscite shows double chemical shift (-10.8 and -8.4 ppm) in the octahedral Al c Ratio between tetrahedral (T; Al(IV)O4) and octahedral (O; Al(IV)O4(OH2)2) coordinated aluminum in the framework. d Ratio between water in the first coordination sphere of framework aluminum (C) and adsorbed or occluded water (A). region. When the spinning rate is increased from 5 to 12 kHz the latter peak becomes dominant. For longer crystallized samples with less superficially associated water the peak at -8.4 ppm is absent at 5 kHz and only appears at 12 kHz. Double rotation ( Figure 5 ) gives a broadened -10.8 ppm line with two asymmetric spinning sidebands. The nature of the broadening will further be discussed.
The 27 Al MAS NMR spectrum of AlPO 4 -H3 is characterized by both a tetrahedral (41.2 ppm) and octahedral Al signal (-12.6, -16.6, and -20.0 ppm). In double rotation ( Figure 5 ) the octahedral line at -18.2 ppm is well-resolved, due to the suppression of quadrupole interactions. The tetrahedral line is again seen at 41.2 ppm.
In view of the fact that AlPO 4 -8 has 5 crystallographic T-sites the 27 Al MAS NMR spectrum is poorly resolved with two broad lines at 38.2 and -12.1 ppm of, respectively, tetrahedral and octahedral Al. However, the DOR spectrum in Figure 5 gives, after deconvolution into Gaussian lines, 5 tetrahedral 27 In agreement with literature NMR data and with crystallographic data for VPI-5, 53 two tetrahedral Al sites occur in the six-member rings (6MR) and one octahedral Al site in the fourmember rings (4MR). In 27 Al MAS NMR, the octahedral signal occurs at 41.1 ppm, that of tetrahedral Al at -19 ppm; and the DOR spectrum exhibits three peaks at 41.2, 40.4, and -18.4 ppm in a 1:1:1 ratio. 54 Raman Spectroscopy. The Raman spectra of the OH stretching region (3000-3800 cm -1 ) are presented in Figure 6 . The band maxima are summarized in Table 3 . The Raman spectrum of metavariscite is characterized by two sharp bands at 3110 and 3374 cm -1 , the former with an ill-defined lowfrequency shoulder around 3000 cm -1 (at 3008 cm -1 ) and the latter with a well-defined shoulder at 3437 cm -1 . Both sharp bands correspond to AlO 4 (OH 2 ) 2 associated water, with hydrogen bonding to lattice oxygen atoms. The region above 3500 cm -1 , where O-H stretching vibrations of free water oscillators are generally found, is clear of Raman bands since there is no channel structure or free void volume to contain free water.
In AlPO 4 -H3 spectra, three broad low-frequency bands are observed at 3379, 3225, and 3020 cm -1 which can be assigned to AlO 4 (OH 2 ) 2 associated water. The doublet consisting of very sharp bands in the region at about 3505 and 3563 cm -1 can be associated with the water molecules in the channel.
The spectra of AlPO 4 -8 and VPI-5 both have broad asymmetric bands with maxima at 3400 cm -1 . For AlPO 4 -8, the most prominent band in the spectrum is at 3384 cm -1 and a second at 3263 cm -1 . The 3110 and 3537 cm -1 shoulder has, respectively, a lower and a higher intensity compared with those for VPI-5. In VPI-5, the 3405 cm -1 band is prominent; the 3263 cm -1 band (with a 3142 cm -1 shoulder) and 3542 cm -1 band are of higher intensity than those for AlPO 4 -8. The spectra of the large-pore molecular sieves AlPO 4 -8 and VPI-5 are less structured, showing bands over a much broader frequency range than those of the denser Metavariscite and AlPO 4 -H3.
Computations. The structure of metavariscite, including the water positions as taken from the literature, 18 is shown in Figure  7 . There are two types of water present in the metavariscite structure differing in the way the hydrogen atoms interact with the aluminophosphate lattice. For type 1 (red), both hydrogen atoms interact with one lattice oxygen each with distances typical for hydrogen bonds (1.8-1.9) as shown in part B of Figure 7 . For type 2 (dark blue), both hydrogen atoms interact with two lattice oxygen atoms each with somewhat bigger distances (2.1-2.4 Å, see part C of Figure 7 ). The hydrogenoxygen bonds within the water molecules are considerably smaller than those of the free water molecule (0.84-0.86 Å vs 0.96 Å). According to the accuracy of the structure refinement, this bond shortening should be significant, while the differences between the molecules of type 1 and type 2 and especially the asymmetry of the type 1 are within the margins of error. To separate the effect of the internal water geometry from the influence of the environment, i.e., the interaction with the AlPO 4 lattice, a number of additional calculations were done (i) assuming a standard geometry for the water molecules and the orientation as derived from the crystallographic data and (ii) assuming a standard geometry of the water molecules but after a re-optimization of their orientation via the EEM/MC procedure. Finally, the EEM calculations were also done on free water molecules with the bond lengths and angles found in the metavariscite structure. The results are summarized in Table 4 .
For AlPO 4 -H3 (Figure 8 ) only the orientation of the "free", i.e., non Al bound water (type 3, dark blue), had to be optimized by the EEM/MC procedure. The resulting structure is in close agreement with the symmetry of the framework (Pbca). The water molecules of Al bound types 1 (red) and 3 form a chain along the 8-ring channel of AlPO 4 -H3 with a hydrogen of type 1 pointing to an oxygen of type 3 with an intermediate hydrogen bond distance (1.95-2.1 Å) and hydrogen of type 3 pointing to lattice oxygen with somewhat larger distances (∼2.25 Å, see parts B and C of Figure 8 ). The molecules of type 2 stick into the 6-rings, and the hydrogen atoms are solely bound to lattice oxygen atoms (1.8 and 2.0 Å, respectively, see part D of Figure  8 ). Again, the crystallographic data result in intramolecular O-H bond distances of about 0.85 Å. This bond shortening is significant, as well, and in good agreement with the results for metavariscite. The electronic properties of the lattice and the different water molecules were calculated on this structure. They are shown in Table 5 . The VPI-5 structure ( Figure 9 ) required an optimization of the orientation of the water molecules 1-6 and a full optimization, i.e., including translation, for the type 7 ones. Figure 9 shows the resulting arrangement of the water molecules in the channel of VPI-5. As expected, structural disorder increases when going from the wall of the channel toward the center. The Al bound water molecules of type 1 (green) and type 2 (red) obey the lattice symmetry nearly perfectly. For the first shell of the non Al bound water molecules (type 3, blue and type 6, yellow), some slight deviations occur. The deviations from the lattice symmetry are more pronounced for the second shell (type 4, magenta and type 5, cyan) while the central molecules (type 7, orange) are distributed in the remaining void space in disordered fashion. Since no hydrogen positions could be determined for the water in VPI-5 all calculations were done assuming the standard geometry. The resulting electronic properties can be found in Table 6 .
Discussion
Prior to a quantitative discussion of the calculated electronic properties, one has to assess the role of the internal geometry of the water molecules. As stated above, changes in the geometry of the water molecules found in the AlPO 4 structures compared with those of free water molecules occur after coordination. In crystalline hydrates O-H bond distances of as little as 0.89 Å are reported. 55 Furthermore, from the general bond-length variation rules for electron donor-acceptor interaction stated by Gutmann 56 one would expect a bond lengthening rather than a shortening. While there is some indication that the interaction of a water molecule with a highly charged electron acceptor could course a considerable bond shortening, 57 the formation of hydrogen bonds with other water molecules or lattice oxygen can result in a lengthening of as much as 0.1 Å. In the present case both effects should compensate each other at least partially. Therefore, the observed bond shortening seems to be at least somewhat exaggerated. The results in Table 4 allow estimation of the contribution of the bond shortening to the change of the electronic properties. The contraction of the water molecule, as such, results in a change in the polarization, a slightly lower electronegativity, and a much lower principal polarization hardness than that in the standard water. One has to notice here, however, that these effects are probably strongly exaggerated. The calculations were performed with a single set of parameters derived for standard geometry, i.e., a bond distance of 0.96 Å in the case of water. It is to be expected that these parameters, especially the atomic hardness, are dependent on the bond distance. More specifically, the atomic hardness will increase when the bond distance is shortened, thereby reducing the observed effects. The crystalline environment also causes a stronger polarization compared with that of the corresponding isolated water and a decrease of the principle hardness, i.e., both the change in the internal structure and the environment have, qualitatively, the same effect. A quantitative discussion is, however, limited because of the uncertainty about the real extent of the bond length contraction and the effect of the latter on the electronic properties.
In AlPO-H3 the same trends are observed for the aluminumbound water molecules. In this case, due to the similar internal geometry, the polarized modes are coupled for all of these water molecules even if the crystallographic geometry is used in the calculations. The third type of water, which is only hydrogenbound with the structure, exhibits a much lower interaction energy and principal hardness which are only slightly lower than those in the free water molecule. The same is found for VPI-5. There is a clear gap between these quantities for Al bond and non Al bond water, but no further differentiation within these groups. However, because of the greater number of molecules in the unit cell and the wider variety of chemical environments, the distribution of principal hardness is much broader. This is illustrated in Figure 10 for the three structures discussed here in comparison with different water clusters.
The extent of the water coordination to Al is determined by 27 Al NMR via the fraction of octahedral Al. For metavariscite only the latter is observed. In the literature metavariscite 27 Al MAS NMR spectra are symmetrical with a chemical shift of -13.2 ppm (4.7 T), whereas for most other AlPO 4 materials they are asymmetrical. 58 When [ 1 H- 27 Al] CP-MAS NMR is employed, the strongly cross-polarized 27 Al produces a sharp chemical shift at -12.4 ppm (4.7 T). These values mediate the values of -7.6 ppm for coordination to three PO 4 tetrahedra and three water molecules in Al(H 2 O) 3 (H 2 PO 4 ) 2 (HPO 4 ) and that at -16.6 ppm for Al coordinated to six PO 4 tetrahedra in Al(H 2 -PO 4 ) 3 . 59 When this structure retains superficially adsorbed water both in 27 Al MAS NMR spectra and [ 1 H- 27 Al] CP-MAS NMR, an additional chemical shift appears; in 27 Al DOR NMR spectra a broadening is seen. This extra shift (MAS) and the broadening (DOR) is indicative of the presence of a second type of octahedral Al that has different dipolar interactions, due to outersphere interactions of superficially adsorbed water, not canceled in the DOR experiment. DOR only enhances spectral resolution when line widths are mainly related to quadrupolar interactions. Poor crystallization or samples in a vitreous state give the result that all species are subjected to a continuous distribution of local surroundings which broadens the lines, e.g. in 27 Al DOR NMR spectra of cloverite, lines are as broad as in 27 Al MAS NMR. 70 As a result of high dipolar interactions in this very dense structure and not extremely high quadrupolar interactions the double speciation thus results in a broadening of the 27 Al DOR NMR spectra. 60 For AlPO 4 -H3, the 27 Al MAS NMR 61 signal and it's shape, consisting of different maxima, can be attributed to octahedral coordinated Al being subjected to quadrupolar interaction in an electrostatic field deviating from axial symmetry. In the 27 Al DOR NMR such effects of quadrupolar interactions are lifted, and a single peak is seen for the octahedral Al. The alternation between tetrahedral and octahedral coordinated Al is confirmed by the 1:1 ratio of the intensities of the two signals, in the 27 Al MAS NMR spectra. [ 1 H- 27 Al] CP MAS NMR shows both signals indicating that the protons are close to Al and that the octahedra are part of the structure. 62 For AlPO 4 -8, five different crystallographic T-atoms are present. The observed chemical shift for the tetrahedral signal is 38.2 ppm whereas that of octahedral aluminum is -12.1 ppm. Previously by 27 Al MAS NMR 63 on AlPO 4 -8 the five types of T-atoms were assigned, and by 27 Al DOR NMR 64 the presence of the these five types was verified by deconvolution of the DOR NMR into five Gaussian lines for the tetrahedral and four Gaussian lines for the octahedral sites. The average water content can be predicted from summation of the 27 Al NMR intensities of the octahedral aluminum Gaussian lines to be around 30%, or there are almost 3 hydrated T-atoms in the 14MR per nine T-atoms (See Figure 4 for the 5 tetrahedral and 4 superposed tetrahedral types).
For VPI-5, there are three different crystallographic aluminum sites, two (two-thirds of total amount) in the six-member rings and another (one-third of total) between two four-member rings. 55 The deconvolution of the 27 Al DOR NMR in the case of VPI-5 thus shows three Gaussian lines, two for the tetrahedral and one for the octahedral aluminum. 65 From the 27 Al NMR intensities, 33% of the Al is octahedral.
Raman-spectra of aluminum phosphates in the OH stretching region in combination with EEM calculations give structural information about water siting. Lattice O atoms (polarized by Al) or structures in which water is positioned so as to give short O‚‚O distances result in hydrogen bonding. Experimental O-O distances in liquid water are 2.759 Å at 223 K, 2.840 Å at 277 K, and 2.975 Å at 298 K, consisting of about 4.5 O at a distance of 3.3 Å. Binding of water with lattice Al affects the electronic properties of interacting water molecules much stronger than the formation hydrogen bonds with other water molecules. It causes strong polarization of the O-H bond and a dramatic increase of the principal hardness of the symmetric O-H polarization. These effects cause a decrease of the force constant of the O-H bond leading to a downshift of the Raman band. Although hydrogen bond formation has qualitatively the same effects, the polarization is less pronounced. When the O‚‚O bond lengths are above 3.5 Å no hydrogen bonding occurs, and Al polarization effects, alone, affect OH properties for water that has hydrogen entirely localized on one water molecule.
It is known that the intramolecular and the intermolecular coupling of OH oscillators are nearly equal in strength in crystalline ices in low-density amorphous solid water, and in liquid water. In low-density amorphous solid water two kinds of disorder appear: the distribution of protons is disordered and an 8°distribution of O‚‚O‚‚O angles is seen. There are many studies of the rate of change of the OH frequency with the average O‚‚O separation. 34, 35 A literature reference gives dV/ dRoo ) 1843 cm -1 /Å for Roo ) 2.76 Å. 34 The Raman OH stretching of ice Ih at 3100 cm -1 has a frequency and width increase with temperature and a growth of intensity in the 2800-3000 cm -1 region. 35 From our experimental data a rough division can be made between the zone for water <3350 cm -1 where Al influences the OH stretch and the zone >3400 cm -1 which is not directly affected by Al. A downshift in the OH stretch frequency thus indicates hydrogen is delocalized through Al polarization. Further splitting occurs due to different kinds of hydrogen bonding and/or due to intermolecular coupling in analogy with the spectra of water in small clusters. The O‚‚O bond distances for Al-O w -H‚‚O-Al increase from 2.67 for MV to 2.89 for AlPO 4 -H3; these are absent in VPI-5, 17 thus only for MV these types of water molecules with delocalized hydrogen bonds are expected. For AlPO 4 -H 3 , the 2.60 Å distance between an aluminum-bound lattice oxygen and a free, but very confined, nonaluminum-bound water molecule, i.e., Al-O l ‚‚H-O w -H shows the effect of Al on O‚‚O distances; analogously 2.57 and 2.59 Å distances are seen for Al-O‚‚H-O w -H bonds in VPI-5. 17 For the free water in VPI-5 that forms helices, analogous O‚‚O distances are seen of 2.78 Å in H-O w -H‚‚O w -H interactions. 17 For metavariscite two sharp bands of AlO 4 (OH 2 ) 2 associated OH stretches co-occur, at 3110 and 3374 cm -1 , and these can be related to Al bound water molecules closely bound with two lattice oxygen atoms by two hydrogen bonds (of 1.81 and 1.87 Å) or in which the two OH stretches are involved in bifurcated hydrogen bonding to four lattice oxygen atoms (2.12, 2.20, 2.28 and 2.39 Å). Thus lattice O are involved in hydrogen bonding with the Al associated water belong to different AlO 4 (OH 2 ) 2 octahedra ( Figure 7) . The 3437 cm -1 shoulder may result from partial intramolecular coupling in the water molecule involved in bifurcated hydrogen bonding. The interaction is promoted by the equal strength in these two oscillators involved in bifurcated H-bonding. The shoulder at 3008 cm -1 may result from Al bound stretches, from a predominantly single donor stretch, due to a low percentage of imperfect siting. In this region for all the AlPO structures a comparable band is seen. In MV there is no channel structure or free void volume to contain free water, and thus, above 3500 cm -1 no O-H stretching vibrations of free water oscillators are found. In AlPO 4 -H3 spectra, one of the three bands, observed at 3379 cm -1 closely resembles that in metavariscite since it results from Al bound water that shows hydrogen bonding to four lattice oxygen atoms of which two, at 1.79 and 1.99 Å, are close. AlO 4 -(OH 2 ) 2 associated water which does not show hydrogen bonding to lattice oxygen atoms but to oxygen atoms of the third water type (1.95 and 2.11 Å apart) may result in a band at 3225 cm -1 . The precise siting in the small channel-like voids of AlPO 4 -H3 clearly defines interactions of non Al bound water molecules with their surroundings (Figure 8 ). These water molecules show interactions both through their O with two H atoms of water molecules bound to Al (1.95 and 2.11 Å apart) and through their two H atoms with two lattice O atoms (2.2-2.23 and 2.25-2.26 Å apart). This is a crystallographic clear case of a molecule in which the two O-H stretches are involved in a double donor interaction with two lattice oxygen atoms. Correspondingly, the doublet consisting of very sharp bands in the region above 3500 cm -1 , ∼3505 and 3563 cm -1 , can be associated to double O-H donor stretching oscillators. The most plausible explanation for the significant splitting observed for this doublet, -58 cm -1 , is the intramolecular interaction, 3 promoted by the almost equal strength of the H bonds for the two oscillators of the water molecule, correlating with their almost equal length.
In other AlPO 4 structures the band pattern is broadened. When the channels are wider, water molecules show an increased mobility, resulting in a bandwidth increase (Figure 10 ). Continuum-broadening generally results from the embedding of a state in the vibrational continuum of states which lie below it. In-homogeneous broadening results from imperfect siting or temperature variations in the local environment.
The Raman spectra of AlPO 4 -8 and VPI-5 are very similar except for the differences in the intensities (and some of the positions) of the corresponding bands. For AlPO 4 -8, the low intensity of the shoulder at 3110 cm -1 of the AlO 4 (OH 2 ) 2 associated water with very strong hydrogen bonding, results from the different way in which Al is bound with water molecules before and after the structural transition and the difference in interaction of coordinated water molecules with those of the next shell. The double-donor OH stretches of the AlO 4 (OH 2 ) 2 associated water with a vibration at 3263 cm -1 are not directed toward lattice oxygen atoms, since the separation between an aluminum-coordinated water molecule and a lattice oxygen is large to be bridged in this structure. The prominent 3384 cm -1 band can either be assigned to water OH stretching vibrations of single hydrogen-bound water molecules in the channel or to doubly hydrogen-bound aluminum-associated water, since the band is situated in the spectral transition region between both species. As a result of the size of the channels of AlPO 4 -8, both single-and double-donor hydrogen-bound water molecules can be expected. The latter hydrogen-bound doubledonor water in the channels is observed as the shoulder at 3537 cm -1 .
The 3263 cm -1 band with a 3142 cm -1 shoulder of VPI-5 is of much higher intensity than the comparable 3263 cm -1 band with a 3110 cm -1 shoulder in the AlPO 4 -8 structure. In ice, the OH band covers the region between 3100 and 3300 cm -1 , typical for very strong hydrogen bonds. The water molecules located within the main 18 ring appear to form a series of three layers, which are organized in a helical form, from the framework atoms toward the center of the pore. They form a weak H-bound network in which the five free and the two lattice-bound (one interacts stronger than the other) water molecules participate. From the references, the water-water distances observed in ice (O-H‚‚‚O distance of 2.77 Å 20, 34, 35 ) and inside the channels of VPI-5 (O-H ... O distance of 2.78 Å 20 ) are similarly short. The Raman bands can be ascribed to singledonor and double-donor O-H bonds, respectively. However, in the literature, upon refinement of the VPI-5 structure, sensible convergent positions are obtained, which reflect the highly ordered structure of the water molecules in the channel. [17] [18] [19] [20] Such strong H bonding, in layer or helixlike structures, points to bands at 3142 and 3263 cm -1 in analogy to the strength of the bands in ice. Here, especially in the region defined for Alpolarization of the O-H stretch (Table 3 ), short water O-H stretches are obtained without Al polarization within the helical layers it forms in the VPI-5 structure.
In analogy to AlPO 4 -8, the 3263 cm -1 band is one of AlO 4 -(OH 2 ) 2 associated water with double-donor bonding to water in the wide channels and either moving in-phase or out-of-phase. The important 3405 cm -1 band is associated with the single hydrogen-bound stretch vibration in the channel. 
Conclusions
This work demonstrates the use of Raman spectroscopy combined with EEM/SA structure optimization in the characterization of water structures in aluminum phosphates. The physical models of the association of water with the lattice and other molecules can be obtained from Raman, TGA, XRD, and NMR data of the structures. In aluminophosphates different interactions are defined:
(1) Lattice aluminum can coordinate water, binding it through its oxygen, in the octahedral AlO 4 (OH 2 ) 2 in the structure. In more dense structures it can only give hydrogen bonding to the lattice, in less dense structures it can interact with free water molecules through hydrogen bonding, but not with the lattice. (2) Nonlattice associated water molecules can coordinate through oxygen and hydrogen. Since oxygen is not bound to aluminum it can complete or partial hydrogen bonds can be formed either with polarized lattice-bound or free water molecules. Hydrogen bonding via hydrogen is analogous to the previous case, occurring with lattice oxygen atoms or free water molecules. (3) Lattice oxygen within the structure can take over the hydrogen-bonding acceptor function. The absence (or very limited number) of acceptor water molecules in the lattice structure results in a different spectral appearance from water cluster systems.
The O-H polarization effect, observed in the Raman spectra, can be divided between the zone <3350 cm -1 where aluminum influences the symmetric stretch and/or water is strongly hydrogen-bound (i.e., in a helical structure) and the zone >3400 cm -1 where water molecules are not present in the first shell around aluminum. In the EEM data, this division is again seen: the hardness h OH is below 6 for the aluminum coordinated water; it is higher than 6 if the water molecules are not associated with lattice aluminum. A 400 cm -1 downshift corresponds to a drop in h OH by about 2-3 V/e for the symmetric stretch frequency upon aluminum coordination. In TGA aluminumbound water is only released above 100°C, for MV at about 170°C and 215°C, whereas for AlPO 4 -H3 it is at about 125°C . Analogous to the division between single and double donor OH-stretching vibrations made for water in small clusters, it is clear from the Raman data that an analogous division is possible for the Al bound and the nonAl bound water. Whereas this division for free water molecules is likely around 3450-3550 cm -1 , for the aluminum bound molecules it is expected to occur at 3050-3150 cm -1 . The broadness of the principal hardness region ∆η OH for the OH stretch is a measure for the number of modes that participate in the continuum forming the bond. If more geometries co-occur, an increase of ∆η OH and broadening of the band is observed (Figure 10) .
Water hydrogen bound with the structure exhibits a much lower interaction energy compared with aluminum bound water. The principal hardness decreases only little from free to lattice hydrogen bound water molecules; it is however severely lowered for aluminum-bound water molecules. There is a clear gap between these quantities for aluminum-bound and "free" water, but no further differentiation within these groups. For a greater number of molecules in the unit cell and a wider variety of chemical environments, the distribution of the principal hardness is much broader as illustrated in Figure 10 for the structures discussed here in comparison with different water clusters.
The combination between the structural information (XRD, EEM/SA) and information on the hardness of the OH stretching vibration thus give valuable information to predict the Raman data. This combined characterization in combination with thermogravimetric and NMR data give a complete image of the structure of water in the aluminum phosphate structures.
